This review presents a comprehensive introduction to recent advances in the field of blends of the natural and synthetic polymers as new material for biodegradable membranes. These materials and several blends have attracted industrial attention because they exhibit improvements in properties which are required in membrane technology. In the current review, the structure, preparation coating method and properties of the blends of natural and man-made polymer are discussed. We focus on the applications of blend materials for membrane technology like fuel cells, membrane electrolytes and ultrafiltration membranes for water treatment. From the literature, it is found that the most common natural polymers: collagen, chitosan, chitin, cellulose, starch and poly(lactic acid) are used as components of blends with man-made polymers. We have also studied the introduction of nano-fibrous and nano-particles to improve the mechanical properties of these membranes.
IntroductIon
In recent time biodegradable materials have been grown the importance of the protection of environment from ever increasing plastic waste. The use of partially biodegradable polymer obtained through the blending of biodegradable and non-biodegradable commercial polymers can effectively reduce the volume of plastic waste. Biodegradable polymers have been widely used in different fields because of their biocompatibility and biodegradability. Nowadays biodegradable polymers with specific properties are in great demand. These polymers can be classified as natural or synthetic, according to their source. According to their degradation properties, polymers can be further classified into biodegradable and nonbiodegradable polymers. Biologically derived and synthetic biodegradable polymers have attracted considerable attention 2 . Polysaccharides and proteins are typically biologically derived polymers; whereas aliphatic polyesters and polyphosphoester (PPE) are typical synthetic polymers 3 .
The industrial development of new polymers is expected to be rather limited in the future and the blending of existing polymers will be the most effective way to design new polymeric material with the desired combination of properties 4 .
The blending of synthetic and natural polymers can form a new class of materials with improved mechanical properties as well as biocompatibility compared with those of a single component. They have been known as bio-artificial or biosynthetic polymeric materials. Synthetic polymers have shown good mechanical properties and thermal stability; much better than several naturally occurring polymers. But there is a limitation in the performance of several natural polymers in comparison to synthetic polymers. Synthetic polymers can be processed into a wide range of shapes, whereas for natural polymers several shapes are not easily obtained; for example, high temperatures imposed in processing can destroy their native structure 5 .
Composites based on biopolymers have been employed in numerous applications owing to their renewable, eco-friendly nature, and also their flexibility in processing conditions together with the competitive cost of their end products 6 .
The preparation of polymers includes useful biological moieties which can be achieved in two ways: (a) functional groups can be added after polymerization for modification in the structure, (b) or suitable monomers can be copolymerized with a conventional, biodegradable one. Natural polymers have many advantages such as environmentally benign nontoxic, and biodegradable and some even exhibit antibacterial activity. In spite of these characteristics, the poor mechanical and thermal properties of biopolymers limit their applications. One way to overcome the disadvantages is via a combination of synthetic and natural polymers. We thus acquire bio functionalities of biopolymers together with the easy modification and processability of synthetic polymers. This type of novel polymer could be called natural-synthetic hybrid materials, and their properties are based on the synergy between the synthetic and biopolymer constituents. The polymers are proteins, nucleic acids and polysaccharides. These are strongly bioactive and generally derived from agricultural, feedstock or crustacean and shell wastes 7 . Biopolymers with diverse specific properties are needed for in vivo applications because of the diversity and complexity of in vivo environments.
Recently developed polymeric materials based on the blends of natural polymers and man-made ones should be biocompatible while, at the same time, they should have good thermal and mechanical properties for use in membrane technology like proton conducting membrane for batteries 8 , polymer electrolytes, membrane fuel cells 9 , gas separation membranes 10 , ultrafiltration membranes 11 etc. The main natural polymers used in the preparation of membranes are collagen, chitin, chitosan 8 , starch 12 , lactic acid 13 and egg-shell membrane 14 etc. Most natural polymers are derived from an animal's body. There is also an important group of natural polymers derived from plants, such as starch, cellulose and pectin. Several synthetic polymers can be blended with naturally-occurring polymers to develop new materials 15 . Pervaporation (PV) is a membrane separation and purification technique in which the partial vaporization of a component in the liquid feed permeates through a non-porous selective membrane, producing a liquid retentive stream, and a vapour permeate stream. This technique has been applied for the separation of various mixtures. In PV separation studies, the key to success lies in the development of suitable membranes 16 .
Membranes made from blends of different polymers are more versatile, since the properties of the constituent polymers are integrated in the resulting membranes. Several membranes may be obtained by varying the blend composition. However, the permeability of a blend membrane depends highly on the degree of molecular interaction between the constituent polymers. Membranes m a d e f r o m t h e r m o d y n a m i c incompatible polymer show poor interfacial adhesion properties and unstable phase morphology. Among the various techniques of making blends, solution blending of two or more polymers by dissolving the polymers in a common solvent is an easy but effective way, making a stable blend because of strong polymer-polymer interaction. This kind of blend shows excellent permeability and selectivity for different polymers 17 .
Sepiolite and palygorskite are natural microfibrous clay minerals whose structural, morphological and textural features are useful for the preparation of a wide variety of advanced nanostructured materials, essentially regarding their ability to render nanocomposite materials (Figure 1) . The silanol groups located on the external surface of these silicates and their surface electrical charges are the centres for interactions with biopolymers, such as polysaccharides, proteins, lipids and nucleic acids (Figure 2 ) which show great promise in membrane technology 18 .
L a y e r e d n a n o h y b r i d s a r e heterostructured materials composed of two-dimensional inorganic host with intercalated inorganic, organic, bio, or polymer guests (which are most essential for modification of membranes 
PoLYMEr BLEndInG

Polymer Miscibility and Intermolecular Interactions
The objective of bio artificial blending is to produce man-made blends that confer unique structural and mechanical properties on the base of the specific properties of natural polymers and synthetic polymers. After preparing the two-component mixture in a suitable solvent, one has to study the interaction between the natural and synthetic polymers in the solution. Miscibility of the components is an important aspect in determining the properties of the blend. Methods for the study of polymer miscibility may be divided into several main groups: (i) methods based on the determination of optical homogeneity of the mixture, (ii) methods for the determination of glass transition temperatures, (iii) methods for the direct determination of interactions on molecular levels and (iv) indirect methods for the miscibility. Some of these techniques may be complicated, costly and timeconsuming 20 . The polymer blend films are prepared by casting the polymer blend solution in the mixed solvent onto clean glass plates and drying them under vacuum at 60 0 C. The detailed procedure is as follows: (i) clean glass plates are put in an oven preheated to the temperature of 35 0 C, the polymer blend solutions are put onto clean glass plates within 5 min and kept at 35 0 C for 2 h; (ii) temperature of the oven is adjusted to 60 0 C, and the polymer blend films are dried under vacuum for 72 h 21 .
The following equations use in calculations to evaluate miscibility:
where [h] is the intrinsic viscosity and b is the polymer-polymer interaction term at a finite concentration related to the Huggins coefficient k H by:
Eq.
(1) has been adopted to a ternary system containing a solvent (component 1), and two polymers (components 2 and 3) 22, 23 for the ternary system, the total polymer-polymer interactions 
The intrinsic viscosity of mixed polymer solution is given by:
The intrinsic viscosity of a mixture of two polymers is the weight average of the intrinsic viscosity of the two polymers taken separately. For a ternary system the equation is: 23 . The miscibility in multi-component polymer systems has been extensively investigated. Polymer blends between biopolymers and synthetic polymers are particularly significant as they could find applications as biomedical and biodegradable materials 8 . Due to its excellent biocompatibility, biodegradability and non-toxicity, poly(lactic acid-co-glycolic acid) (PLGA) has received much attention for its potential applications 24 .
Electrospinning Process for the Hybrid Material
Electrospinning is an attractive approach for the fabrication of nanometre or submicrometre-sized fibres which has received an increasing attention in recent years. Compared with commercial membranes made through conventional processes, electrospun nanofibre membranes (ENMs) have shown great potential in membrane production due to their high void volume fraction and interconnected open structure 25 .
The electrospinning process has shown great potential in various applications, such as film making, hybrid synthesis 26 and membrane filtration processes 27 .
Hybrid materials based on chitosan, starch and poly(ethylene terephthalate) (PET) are synthesized by the electrospinning process. Chitosan can be used in electrospinning due to its physicochemical properties; it is soluble in organic acids such as dilute aqueous acetic acid, formic and lactic acids, also in mixtures of water with methanol, ethanol or acetone. This biopolymer has free amino groups which make it a positively-charged polyelectrolyte in acidic pH. Chitosan's positive charges allow it to have strong electrostatic interactions with negatively charged molecules 28 . In addition, hydrogen bonds in chitosan solutions facilitate the formation of micro fibrils. Electrospinning of polymers has become an internationally recognized method for the preparation of polymer nanofibres with diameters down to a few nanometres 29, 34 .
Electrospinning provides a simple method for the fabrication of 1D conducting polymer/biological material nanocomposites. Before electrospinning, the biological materials are co-dissolved in one solvent with the polymers. During the evaporation of solvent in the electrospinning process, solid fibres composed of polymer and biological materials will form. Using such a technique with a natural protein, gelatine/PANI composite nanofibres have been fabricated for tissue engineering purposes 35 . The studies indicated that the average diameter of the composite fibres changed from 803±121 to 61±13nm as the PANI fraction increased from 0 to 5% w/w (Figure 3 ). Electrospinning fibre formation based not only on synthetic polymer, biological nature but also on metals, metal oxides, ceramics, organic/organic, organic/inorganic as well as inorganic/inorganic composite systems 36 . The electrospinning equipment includes three main components: a high voltage supplier, a capillary tube with a pipette or a needle of small diameter, and a metal collecting screen. One electrode is placed into the polymer solution and the other is attached to the collector (Figure 4 ). The process is initiated when a high voltage is applied; this causes the electrostatic force in the polymer solution to overcome the surface tension and creates an electrically charged jet of polymer solution out of the pipette. The solution jet passes a controlled distance between the pipette tip and the collector. Before reaching the collecting screen the solution jet evaporates, leaving behind charged polymer fibres that are assembled on the screen as an interconnected web of small fibres 37, 38 .
The electrospinning process has critical parameters, in particular an appropriate selection of the solvent system. In fact, the solvent performs two crucial roles: one is to solvate the polymer molecules ready to form the electrified jet and the other is to carry the solvated polymer molecules toward the collector 39 . Other important parameters are the voltage level, internal diameter of the tip and the tip-collector distance.
Polymer-coating Processes
The process, in which polymers are deposited onto a solid substrate to form a thin film, is called the polymer coating process. It is critical not only for controlling the physical properties of polymer-coated surfaces, such as surface packing density, roughness, and thickness, but also for realizing desirable functionalities for sensing, imaging, antifouling, and catalysis There are many polymer-coating methods available. These may be divided into: i) physical sorption methods such as spin-coating, layerby-layer assembly, solvent casting, and plasma deposition, ii) chemical bonding methods such as "graft-to" and "graft from"; and iii) self-assembling methods ( Figure 5 ). Each coating method has its own advantages over other methods in terms of surface preparation, ease of molecular immobilization, surface stability, and/ or cost efficiency. This is a simple physical-coating method and has been widely used in the application of photoresists, lithography resists, protective coatings in membrane process 40 and fuel cell membranes 41 . Many polymers can be spin-coated onto a wide range of inorganic substrates such as metals (gold, silver, platinum, and titanium), oxides (silica, magnetite, and titanium oxide), minerals (quartz, hydroxyapatite, and calcite) and semiconductors (zinc sulphide, zinc oxide and cadmium sulphide). The performance of polymer thin films is highly dependent on polymer synthesis, coating methods, the structural and chemical effects of polymer composition and the surface properties of the active functional groups.
Layer-by-layer assembly (LBL) assembly is building a "sandwichlike" multilayer film by the alternate deposition of oppositely-charged polymer layers. This is a simple, versatile and benign process for LBL films deposited on glass, plastics, metal, and silicon. The film thickness and roughness can be readily controlled by the number of layers to be deposited. Polymer thin films deposited by spin coating and LBL techniques via physical adsorption without the 40 formation of covalent bonds between polymers and the surface, two surfaces grafting methods are often used to chemically attach polymers onto a wide variety of planar surfaces, such as inorganic, metals, semiconductors, and ceramics: i) the "graft-to" method, either chemisorption via a reaction of appropriately endfunctionalised groups (i.e. esters, chloro-or bromomethyls, and dimethylvinylsilyls) of polymers with appropriate surface sites, or a physical sorption of diblock copolymers via specific interactions of the polymer blocks with the surface (i.e. hydrophobic or electrostatic interactions, hydrogen bonds, antibody-antigen, and geometrical complementary match) and ii) the "graft-from" method, where chains grow in situ from pre-formed surface grafted initiators 42 .
BIoPoLYMEr tYPES And BLEnd SYStEMS
collagen as a Biopolymer
Collagen is a main structural protein, forming molecular strands that strengthen the tendons, and vast, resilient sheets that support the skin and internal organs. Bones and teeth are made of collagen with the addition of mineral crystals, mainly hydroxyapatites. Collagen forms structure of all animal bodies, protecting and supporting the softer tissues and connecting them with the skeleton [43] [44] [45] [46] .
There are twenty different members of the collagen family. The major ones are fibril forming collagens: type I (skin, tendon and bone), type II (cartilage) and type III (Skin and vasculature). Water-soluble synthetic polymers have been blended with natural polymers such as collagen, elastin, keratin, silk, chitosan and gelatin.
Each chain of collagen contains 1000 amino acids. A sturdy structure is formed by a repeated sequence of three amino acids. Every third amino acid is glycine, a small amino acid that fits perfectly inside the helix. Various positions in the chain are filled by two unexpected amino acids such as proline and a modified version of proline, hydroxyproline. Hydroxyproline, which is responsible for collagen stability, is formed by modifying regular proline amino acids after the collagen chain is built. Collagen within a fibril is stabilized by the numerous intra-and intermolecular forces. The major role in the stabilization of the collagen triple helix is carried out by hydrogen bonds 47 .
In the collagen molecule, the atoms in the individual chains are held together by covalent bonds, whereas the three chains are held in the triplehelical structure by weaker bonds 48, 49 ( Figure 6 ). These weak bonds are: hydrogen bonds, dipole-dipole bonds, ionic bonds and van der Waals interactions. When the protein is heat-denatured, these weak bonds are broken, but the covalent bonds stay intact and the three chains separate from one another and collapse into random coils 50, 51 . 
Starch-polyaniline Blend Material
Starch is a polysaccharide produced by plants for storing energy. It is stored Figure 6 . AFM images of collagen, PVP and collagen/PVP blends before and after irradiation [48] [49] intracellularly in the form of spherical granules that are 2-100 mm in diameter. Starches are available in isolated from grains such as corn, rice, wheat, and from tubers such as potato and tapioca. Starch is a heterogeneous substance and it contains both linear (amylose) and branched (amylopectin) structures. The ratio of amylose to amylopectin in starch varies as a function of the source, age, etc. Amylose is essentially a linear structure of α-1,4-linked glucose units and amylopectin is a highly branched structure of short α-1,4 chains linked by α-1,6 bands. Most native starches are semicrystalline with a crystallinity of ~20-45% [57] [58] [59] [60] . The flexibility of starch-based materials can be improved by blending this polymer with others. Blends of starch with synthetic polymers have been introduced in the literature for different applications like the desalination of water by a membrane process 61 .
The starch and polyaniline blend is a new biodegradable conducting material. The conductivity of the polymer blend improves with the addition of polystyrene 12 . Figure 7 shows the FTIR spectra of PANI/starch blend material. The characteristic absorption bands of pure starch (3432 cm -1 ) and PANI (1560, 1477, 1294 and 795 cm -1 ) are both present in the spectrum of their blend, PANI/starch. Comparing the relative intensity band around 3432 cm -1 , we also find that the band of the stretching vibration of -OH group in the composite is apparently weaker than the same band in pure starch. Furthermore, the absorption peak at 3421 cm -1 in the spectrum of pure starch is blue-shifted to 3432 cm -1 in the spectrum of the composite. These phenomena confirm that starch is successfully activated by superfluous acids. The intermolecular hydrogen bonds are broken and more hydrogen atoms become accessible 62 .
In the XRD pattern of the PANI/starch blend diffraction peaks at 2θ= 15.32°, 25.059° and 34.33° correspond to the emeraldine form of PANI (Figure 8 ).
The peaks centered at 2θ= 15.32° and 25.059° are ascribed to the periodicity parallel and perpendicular to the PANI chains. From the XRD pattern of the PANI/starch blend, the PANI has a highly ordered crystal structure which is expected to exhibit high electrical conductivity 12 .
cellulose as a natural Polymer
After the discovery of conducting polymers round 30 years ago, cellulose has now become one of the major areas of focus for active research and development around the globe. Bacterial cellulose (BC), a natural polymer, represents a promising material. New composite materials with antimicrobial properties are obtained by using poly(vinyl alcohol) and bacterial cellulose powder. It can be obtained by microbial fermentation using Acetobacter xylinum, a Gramnegative bacterium, which has the ability to synthesise a large amount of high-quality cellulose organized as twisting ribbons of micro-fibrous bundles 63 . Poly(vinyl alcohol) and bacterial cellulose are a new composite material with antimicrobial properties (Figure 9) . Potassium (2E,4E)-hexane-2,4-dienoate was used as the antimicrobial agent 64. . Cellulose is the most widely available natural polysaccharide, but there is limited work dedicated to the investigation of its blends with various synthetic polymers. Since cellulose has three hydroxyl groups, it easily . Such compositions can have various applications; for example, the membranes on their base are used to remove metal ions from aqueous solutions 66 . It was shown that the biodegradability of a cellulose blend with low-density polyethylene (LDPE) can be improved via preliminary UV irradiation of the blend 67 . Based on the obtained data it was concluded that blends of LDPE with cellulose had low biodegradability. It was noted that the film degradation under environmental conditions is initiated on the surface and further degradation proceeds more rapidly and efficiently. Such assumptions are confirmed by the study of the surface of the cellulose-PE films via scanning electron microscopy.
chitosan
Chitosan (CS) is an N-deacetylated product of chitin that is one of the most abundant polysaccharides in nature and has good physical, biological and biodegradable properties. It is readily processable into membranes from aqueous acid solutions. The membranes obtained by chitosan and its blends have been reported to be suitable for various applications such as controlled release of drugs, wound dressings and chromatographic media. In many cases of such applications, it is necessary to have a porous structure. For example, membrane chromatography based on porous chitosan membranes has provided some advantages over column chromatography, such as low pressure drops, higher flow rates, faster binding and higher productivity 68 .
Recently a possibility to diversify chitosan's properties has emerged by combining it with synthetic materials to produce novel natural-synthetic hybrid polymers. It was that studied structural and thermo-physical properties of chitosan + starch + poly(ethylene terephthalate) (Ch+ S + PET) fibres developed via electrospinning process. The combination of chitosan with synthetic polymers is not easy; hence high melting temperatures are required in the process. Diverse methods such as grafting, chemical fictionalization, wet spinning, chemical crosslinking, casting, melt blending and electrospinning have been used to produce hybrid materials based on chitosan and synthetic polymers. Electrospinning is a new process for the formation of nano and microfibres 69 . Chitosan is a biodegradable natural polymer with great potential for pharmaceutical and cosmetic applications due to its biocompatibility, high charge density, non-toxicity and mucoadhesion. Due to the attractive range of its applications in medical, wastewater treatment, biomembranes and hydrogel development [70] [71] [72] . , discussing the methods of solid-phase blending of these polymers under conditions of high pressure and shear deformation. The advantages of this method compared to the conventional techniques of polysaccharide mixture production have been shown 73 . Chitosan blends with hydrophilic polymers including poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO) and poly(vinyl pyrrolidone) (PVP) were investigated as candidates for oral gingival delivery systems [74] [75] . Chitosan/PVP blends can be used as a drug release system and to control the release profile of a drug with poor water solubility. Several research groups have shown the miscibility of chitosan and 64 PVP, and investigated the possibility of using the blend material. Poly(vinyl alcohol) (PVA) is another synthetic polymer appropriate for blending with chitosan. Chitosan and PVA form an immiscible system, as the interactions between the macromolecules of PVA is stronger than those between PVA and chitosan 76 . table 1 shows the thermal properties of some hybrid systems based on chitosan. In poly(vinyl alcohol) (PVA) + chitosan hybrids, the melting enthalpy increases when the concentration of the synthetic polymer is increased, namely from 27 to 44 J/g. Results for nylon 6 + chitosan hybrids are shown in the same table; nylon has Tm ≈ 268 °C. In earlier fibres synthesized by electrospinning, melting temperatures increase with the incorporation of a synthetic polymer 77 . This conclusion applies also to Ch + S + PET hybrids 69 .
Chitosan is a natural cationic polyelectrolyte copolymer; it is
Poly(lactic acid)
Lactic acid is an important commodity chemical and also a monomer compound of the booming biodegradable poly(lactic acid) (PLA). The great expectation for replacing petroleum based polymer materials such as polyethylene (PE), Polypropylene (PP) and polystyrene (PS) by PLA requires a sufficient lactic acid monomer supply produced from non-food feed stocks such as the abundant lignocellulose biomass. Lactic acid production from lignocellulose biomass had been conducted using the simultaneous saccharification and fermentation (SSF) process [78] [79] (Figure 11 ).
Lactic acid and its derivatives are widely used in food, pharmaceutical, leather and textile industries [80] [81] . Recently, about 90% lactic acid was produced by lactic acid bacterial fermentation. However, the high cost of L-lactic acid becomes a limitation for its application in new fields, especially in poly(lactic acid) (PLA). The cost of yeast extract (YE) and glucose was PVA + Ch estimated to account for over 40% to the total cost of lactic acid production, which means that a cheaper alternative was urgently needed [82] [83] [84] .
Poly(lactic acid-co-glycolic acid) is a good blend material due to its excellent biocompatibility, biodegradability and non-toxicity. Polymer blends between such biopolymers and synthetic polymers are particularly significant as they could find applications as biomedical and biodegradable materials [85] [86] [87] . One important property of the polymer blend is the miscibility of its ingredients, as it could affect the morphology, permeability, degradation and mechanical properties 88 . Poly(lactic acid) has been electrospun with various polymers including poly(methyl methacrylate) 89 and polyaniline 90 etc.
SoME HYBrId PoLYMEr nAnoMAtErIALS
Smectite clay as an Inorganic Filler Material
Smectite clays are a new class of swellable fillers. They are a class of layered aluminosilicate minerals with a unique combination of swelling, intercalation and ionexchange properties. Synthetic and natural smectite clays, with different structural and physical parameters, were tested as nanofillers for the creation of Nafion nanocomposites. The solution intercalation method has been successfully applied for incorporation of layered materials into the polymer, whereas the effects of the solvent, temperature and filler loading were examined in order to determine the optimum conditions for the preparation of highly homogeneous composites 91 .
Nafion hybrid membranes based on smectite clays were synthesized by solution intercalation and characterized by different techniques. One synthetic (Laponite) and two natural (Kunipia and Swy-2) layered aluminosilicate minerals with different physical and structural properties were tested as fillers in order to understand how basic parameters of the clays, such as particles size and layer charge density, can influence the final properties of the nanocomposite membranes.
Depending on the strength of interfacial interactions between the polymer matrix and the inorganic materials, three different types of nanocomposites are thermodynamically achievable, as shown in Figure 12: (1) conventional composites, where packages of silicate layers keep their stacking, creating a conventional phase-separated composite (micro composite), (2) intercalated nanocomposites, where the polymer chains are intercalated between the silicate layers, thereby increasing their gallery height but maintaining their layered stacking, resulting in a well-ordered multilayer with alternating polymer/silicate layers, (3) exfoliated nanocomposites, in which the individual clay layers lose their stacking and are exfoliated and dispersed in the continuous polymeric matrix 92 .
Lipid-Polymer Hybrid nanoparticles
Lipid-polymer hybrid nanoparticles (LPNs) are core-shell nanoparticle structures comprising polymer cores and lipid/lipid-PEG shells, which exhibit complementary characteristics of both polymeric nanoparticles and liposomes, particularly in terms of their physical stability as well as biocompatibility ( Figure 13) . Polymers (e.g., polymeric nanoparticles, polymeric micelles, dendrimers), lipids (e.g., liposomes, solid lipid nanoparticles, and metals (e.g., gold, silica) have been commonly used as nanocarriers. These nanocarriers can be tailored by means of various modification techniques, where properties such as (i) circulating longevity and stability, (ii) targeting ability, (iii) stimuli responsibility, and (iv) diagnostic ability are desired. Polymeric nanoparticles have been widely used as they exhibit high structural integrity, stability during storage and controlled-release capability. Compared to polymeric nanoparticles, liposomes have long been perceived as more ideal drug delivery vehicles because of their superior biocompatibility as liposomes are basically analogues of biological membranes, which can be prepared 
APPLIcAtIonS oF HYBrId MEMBrAnES
Polymeric Membrane and Electrolytes
Membrane separation has become an important technology over the past few decades, and is a promising novel way to cope with the main problems due to its principal advantages such as relatively low energy use, working without the addition of chemicals, ease of use, environmental friendliness and well-understood process methods [94] [95] ( Figure 14) .
Fluoropolymers constitute a unique class of materials with a combination of interesting properties that has attracted significant attention from materials researchers over the past few decades [96] [97] . These polymers have high thermal stability, improved chemical resistance and lower surface tension because of the low polarizability and the strong electronegativity of the fluorine atom, its small van der Waals radius (1.32˚A) and the strong C-F bond (485 kJ mol −1 ). Because of these outstanding properties, fluoropolymers are a good choice for various applications 97 , and modifications of several methods have been studied and employed in the fabrication of fluoropolymer and copolymer membranes. These include phase inversion, electrospinning, sintering, stretching, track etching, etc. Most commercial fluoropolymer membranes are produced via phase separation methods, mainly because of their simplicity and flexible production scales. Poly(vinylidene fluoride) (PVDF), poly(vinylidene fluorideco-tetrafluoroethylene) (P(VDF-co-TFE)), poly(vinylidene fluorideco-hexafluoropropene) (P(VDF-co-HFP)), poly(vinylidene fluoride-cochlorotrifluoroethylene) (P(VDF-co-CTFE)) and poly tetrafluoroethylene (PTFE) are some fluorocopolymer [98] [99] ( Figure 15 ).
Polymeric gas separation membranes have become widely used for a variety of industrial gas separation applications. This review presents the fundamental scientific principles of operation and polymers for gas separations, including the solutiondiffusion model and various structures/ property relations, which describes membrane fabrication technology. It describes polymers believed to be used commercially for gas separations, and discusses some challenges associated with membrane materials development 100 .
A hybrid composite membrane was developed for single cell use at operating temperatures below 100 0 C and found a maximum current density (635mA/cm 2 ) compared to the wellstudied membranes such as PWA/ SiO2/Nafion. Nonfluorinated hybrid material is the new material of the membrane technology. Hybrid organic/ inorganic materials are prepared by the sol-gel process. The aims for the addition of inorganic materials into organic polymers are: (1) to reduce the transport channel for methanol, resulting in a decrease in the methanol permeability; (2) to enhance the thermal stability and intensity of the membranes; (3) to increase the ionic conductivity. Among many hydrophilic polymers, poly(vinyl alcohol) (PVA) display desirable characteristics such as enhanced chemical stability, an excellent method barrier, and has a filmforming quality 101 which is essential for an ion-exchange membrane. The proton conductivity can be increased by the formation of hybrids through the incorporation of proton conductors, such as HPAs 102 . Silica (SiO 2 ) in PVA membranes could improve the thermal stability and swelling 103 . The hybrid PVA/PMA/SiO 2 hybrid composite membranes give better result compared to the commercially available Nafion membrane. Hybrid material prepared by sol-gel method and their structures were characterized by XRD, FTIR and SEM methods and their thermal properties were examined using DSC and TGA techniques (cf. Supplementation).
Membrane Fuel cells
Polymer electrolyte fuel cells (PEFCs) are one of the promising technologies available in recent times owing to their capability of quick start-up and lowtemperature operation. The membrane electrolyte is a vital component of PEFC and needs to have high proton conductivity and good mechanical, chemical and thermal stability in addition to low cost. There are several important developments in alternative membranes for PEFCs 104 . The direct-methanol fuel cell (DMFC) is an alternative energy source directly generating electricity without fuel combustion. DMFCs are useful for portable electronic devices because of their advantages such as high energy density, green alternative energy, quick recharge rate, low volume and mass, easy transportation and fuel flexibility with a wide choice of feeds. A directmethanol fuel cell contains three parts (Figure 16 ), namely the electrodes and a proton exchange membrane (PEM). Nafion resin (NR) and polystyreneblock-poly(ethylene-ran-butylene)-block-polystyrene (PS) are used as PEMs. Preparation of PEMs, including compositing with other polymers and their solubility, was performed and their proton conductivity was measured by a four point probe 105 .
There are several reports on the development of alternative membranes for PEFCs. The EPS (extracellular polysaccharides) based membrane is a new type of membrane for fuel cell application. Extracellular polysaccharides or exopolysaccharides (EPS) produced by microorganisms represent a class of biopolymers of major interest as they possess interesting characteristics such as biocompatibility, biodegradability and non-toxicity. These polysaccharides are environmental friendly and nonhazardous in nature. This crosslinked polymer electrolyte membrane was prepared by blending EPS (extracellular polysaccharides) and sulfosuccinic acid (SSA). SEM morphology showed the presence Figure 15 . SEM images of a PVDF nanofibre membrane [98] [99] of SSA in the EPS matrix. Water sorption, ion-exchange capacity (IEC), thermogravimetric analysis (TGA) and proton conductivity properties of the membranes were investigated 104 . . For example, Kuennemann and co-workers have examined a platform biosensor surface for immobilization of proteins with poly(l-lysine)-g-poly(ethylene glycol) (PLL-g-PEG) [107] [108] . The PLL-g-PEG coated sensor surface showed very low non-specific absorption, and its structure could be fine-tuned by varying the polymer compositions. As a result, the density of proteins on the surface was almost quantitatively controlled, which is a significant factor for improving the sensitivity of the sensors. Bioresponsive hydrogels that change properties in response to selective biological recognition events have recently gained increasing interest for applications in drug delivery, diagnostics and tissue engineering 109 . For diagnostics applications, the biological events are represented by the macroscopic volume changes that generate signals for detection 110 . Polymeric micro/nanospheres and micro/nanofibres have attracted attention because they can be used as substrates to immobilize biomolecules, for biomedical applications such as controlled drug delivery, tissue engineering, diagnostics and bioseparation. Due to their large specific surface areas and relatively small size, these materials are suited to the immobilization of more compact biomolecules with a reduced device size, but enhanced sensitivity. Jiang and coworkers have reported that using electrospinning polymer nanofibrous membranes as the solid substrates for microfludic immunoassay can dramatically improve the sensitivity and signal-to noise ratio as compared to the commercially-available polymer membranes 111 . Jing and co-workers investigated the immobilization of testis-specific protease 50 (TSP50) on biodegradable polymer fibres 112 . The TSP50-immobilized polymer fibres can selectively adsorb the anti-TSP 50 (Figure 17) , even in the presence of high concentration of BSA (104 times). The anti-TSP 50 can then be eluted simply by changing the pH, and the polymer fibres are reusable.
Bioseparation and diagnostic Applications of Membranes
Membrane Applications for Water treatment
Water is an important resource for the use of mankind. It is essential for agricultural and industrial growth, as well as for growing populations that require a safe drinking water supply. 97% of all water is found in the oceans, 2% in glaciers and ice caps, and the rest in lakes, rivers and underground. Natural resources cannot satisfy the 112 growing demand for low-salinity water with industrial development, together with the increasing worldwide demand for supplies of safe drinking water 113 . The release of soluble chemical species produced by natural or industrial pollution sources is a global problem that becomes a growing threat to the environment. Among the number of polluting species at issue, the ions of heavy metals such as mercury, cadmium and lead are of special concern because of their nondegradability and high toxicity. Other less toxic ions such as copper or zinc may nevertheless prove harmful at high concentrations 114 .
Desalination techniques are capable of providing the solution. Desalination means the removal of fresh water from saline water. Electrodialysis (ED) is a well-known desalination process. ED is an electro-membrane process for the separation of ions across charged membranes from one solution to another under the influence of an electrical potential difference used as a driving force. Figure 18 is a schematic diagram of an ion exchange membrane. The ED process has been widely used for production of drinking and process water from brackish water and seawater, treatment of industrial effluents, recovery of useful materials from effluents and salt production 113 .
Membrane separation processes have numerous industrial applications and provide the following advantages: they offer appreciable energy savings; they are environmentally benign; the technology is clean and easy to operate; they replace conventional processes like filtration, distillation and ion exchange; they produce highquality products; and they offer greater flexibility in system design. For the last decade, hollow fibre contactor technology and membrane-based extraction, or liquid membranes, have been categorized separately due to the inherent differences in how they work. Therefore, the two techniques are reviewed separately here with respect to their performance, improvement and latest applications in different areas 115 .
Ultrafiltration (UF) has become increasingly popular as one of the most reliable processes for the removal of particulate matter (e.g., turbidity and viruses) in water treatment. However, the inevitable problem of fouling causes a reduced production capacity of the membrane plant, which requires frequent cleaning or replacement of the membranes leading to higher operating costs. Natural organic matter (NOM) is the primary contributor to membrane fouling, solely or in concert with metals or particles. The physicochemical properties of NOM, such as size, hydrophobicity, charge density, and isoelectric point, affect membrane fouling along with solution chemistry 116 . A number of studies that cover a vast number of different chelating membranes and chelating polymers were reported 117 . Immobilised chelation process for the removal of soluble metals has become an important option in the integrated approach to aqueous waste treatment. Polymers used for this purpose may be of natural origin, for example chitosan (Cs) and alginate or of synthetic origin like poly(acrylic acid) (PAA) or poly(ethyleneimine) (PEI) 114 .
FuTuRE SCoPE
There are many water plants (Hydrila, Ecornia, Canna Indica and Guargum) which absorb heavy metal ions hence they have proton exchange capacity therefore these plant may be used as a reinforcing material in natural and synthetic polymer hybrid membranes. The thermal, mechanical and dielectric properties can be improved by using these plants as reinforcements for efficient fuel cell membranes. These reinforced polymers would also have good conductivity; hence they could be used as conducting membranes in fuel cell stacks and electro-dialysis, along with many separation processes. They are also very cost-effective and biodegradable, so work in this regard would be very promising and the materials would be environmentally friendly.
CoNCLuSIoNS
This review focused on the synthesis of new materials and modifying the existing membrane materials for better separation performance and to overcome the membrane limitations for the new applications. However, the syntheses of entirely new materials always involves risk, high cost and considerable time. As compared to synthesizing entirely new materials, polymer blending may be a preferable route due to its simplicity, Figure 18 . Schematic diagram of an ion-exchange membrane 114 reproducibility, easy processing ability and low cost. In view of this, miscible polymer blends are desirable for fabrication of membranes because homogeneous materials are essential to produce membranes with uniform performance and stable thermal and mechanical properties. The number of papers published in this area of polymeric blends may suggest that in the near future there will be a huge interest in the production of new products based on the blends of natural and synthetic polymers.
rEFErEncES
